Statement of Novelty {#Sec2}
====================

Textile industry consumes around 2000 L of water to produce a single pair of jeans. Ten to fifteen percent of the global production of dyes is discharged into the waterbodies. This is not sustainable. Treated wastewater has to be reused. We propose a novel and efficient method for treatment of textile industry wastewater. A combination of two advanced oxidation processes---low power atmospheric pressure plasma and TiO~2~ heterogeneous photocatalysis is used for decolourisation of Reactive Orange 16 azo dye pollutant.

Introduction {#Sec1}
============

Since water is one of the most important resources, its availability and quality have become one of the biggest social priorities today. Increasing pollution of the water system, including textile industries and agriculture, affects ecosystem and human health directly and represent the widespread concern.

Textile and paper industries generate complex and diverse effluents and they belong to the most polluting industrial sectors \[[@CR1]\]. Organic dyes as the main components of these effluents, are considered to be very toxic, mutagenic, and potentially carcinogenic \[[@CR2], [@CR3]\]. About 10--15% of the total world production of dyes are discharged into different waterbodies affecting directly aquatic life by disrupting the amount of dissolved O~2~ and consequently photosynthesis and respiration processes \[[@CR4]-[@CR6]\].

Azo dyes are organic molecules generally with an azo bond (R--N = N--R') as main chromophore group. They are widely used in textile industry and because of their chemical complexity and low biodegradability; the wastewater treatment is very demanding. Different methods are applied to remove these organic compounds from the water sources: biological, physicochemical (adsorption, coagulation/flocculation, reverse osmosis) or chemical treatments (chlorination and ozonation). However, these methods have certain limitations. The biological treatments are not effective in the case of stable and resistant azo dyes. Only few unstable azo dyes can be degraded under aerobic conditions. On the other hand, anaerobic degradation causes aromatic amines generation which are toxic and carcinogenic \[[@CR7]\]. The physicochemical treatments often cause formation of secondary pollution, generating large amounts of sludge and transferring pollutants from water to solid phase. Therefore, incomplete degradation and necessity for additional operations including final degradation of the waste and adsorbent regeneration limit the application of these treatments \[[@CR8]\]. Chemical treatments like chlorination can result in complete decolourisation of dyes, but chlorinated organic by-products are very hazardous \[[@CR9]\]. Ozone oxidizes dyes as well, but its extreme oxidizing effects can harm the atmosphere. Thus, ozonation system must include a control unit which prevents excessive use of chemicals \[[@CR10]\].

Advanced oxidation processes (AOPs) have shown some advantages over the conventional water purification technologies. Based on the production of very strong and unselective oxidizing species (hydroxyl radicals---OH^·^), these techniques are used in mineralization of soluble complex organic pollutants. The ultimate goal of this process is to decompose pollutants to CO~2,~ H~2~O, and some inorganic ions. Most common AOPs are: gas plasma oxidation \[[@CR11], [@CR12]\], (heterogeneous) photocatalytic oxidation \[[@CR13], [@CR14]\], ultrasounds \[[@CR15]\], photo Fenton oxidation \[[@CR16], [@CR17]\], etc.

Among above-mentioned treatments, gas plasma is a relatively novel AOP method for wastewater decontamination. The method is based on ionized gas produced by an electrical discharge, generating electrons, radicals (OH^·^, H^·^, O^·^), ions (OH−, H~2~O+, H+, HO~2~^−^) and neutrals (H~2~O~2,~ O~3~). Plasma systems can be generally divided into thermal or non--thermal plasma. Thermal plasma typically needs more power than non--thermal and creates high flux of heat, which can be used for degradation of very resistant organic molecules. In the case of non--thermal plasma, electrons are at temperatures as high as 11,000 K, and are colliding with gas molecules at temperatures as low as the room temperature, promoting the generation of chemically active species \[[@CR18]\].

Previous studies reported that non-thermal plasma generated in the gas phase above the water surface initiates many chemical and physical effects including a high electric field, intense ultraviolet radiation, overpressure shock waves and, of particular importance, formation of various chemically strong oxidative species like radicals and molecules (OH^·^, H^·^, O~2~^−·^, O^·^, H~2~O~2,~ O~3~). These species, dissolved in water, initiate oxidation processes \[[@CR19], [@CR20]\].

Until now, various types of non--thermal plasma devices such as plasma jets \[[@CR21], [@CR22]\], plasma needle \[[@CR23]-[@CR25]\], gliding arc \[[@CR26], [@CR27]\], dielectric barrier discharge \[[@CR28], [@CR29]\], pulsed corona discharges \[[@CR30], [@CR31]\] have been developed. These systems have strong oxidizing ability and include simple feed conditions such as temperature and atmospheric pressure. During the treatment, various complex chemical reactions (collision, addition, dissociation and transformation reactions) can be initiated in the polluted solution \[[@CR26]\]. Among above mentioned types of non-thermal plasma devices, plasma needle may be easily operated under atmospheric pressure and room temperature and do not require expensive vacuum systems. Its simple configuration provides very easy to work and it can be applied to a wide range of vessels for treatment. Plasma needle is non-aggressive oxidation method which produces chemically active species at low gas temperature, thus meets all the necessary conditions for the treatment of organic materials, living tissues (wound sterilization, cancer treatment and other biomedical applications) and delicate materials which are unable to withstand vacuum or are thermally sensitive (heat- sensitive polymers, foodstuffs).

Liquid and gas plasma chemistry have been largely studied during the last decade and it is concluded that the degradation takes place mainly because of the formation of reactive radicals. The amount of radicals and their oxidation mechanisms depend on the discharge type and properties, such as the feed gas composition and flow rate, but also on the properties of the liquid \[[@CR32]\]. Since the efficiency of non--thermal plasma treatment is highly dependent on the characteristics of both contaminant and liquid media, it is necessary to study and develop adequate treatment scheme for every pollutant/wastewater system.

Another most explored AOP is heterogeneous photocatalysis, because it is suitable for the destruction of resistant hazardous contaminants, as it uses inexpensive operational parameters such as light and semiconductors \[[@CR33], [@CR34]\]. It is based on the application of semiconductors and their capability to generate electron--hole pairs under light irradiation, which participate in different redox reactions on the catalyst surface leading to mineralization of the pollutant.

Nowadays, one of the most promising treatments for wastewater remediation combines plasma treatment with metal oxide catalysts \[[@CR35]\]. The most common catalysts reported in literature are: TiO~2~ \[[@CR8], [@CR36]-[@CR38]\], ZnO \[[@CR39]\], Fe~2~O~3~ \[[@CR40]\], NiO \[[@CR41]\], and Al~2~O~3~ \[[@CR42]\]. It is expected that combined plasma----catalyst treatment can overcome drawbacks of individual plasma treatment and photocatalysis, preventing at the same time the electron--hole recombination at metal oxide surface and enhancing the mass transport of the reactants to the solid surface \[[@CR18]\].

In this paper, we have investigated the decolourisation of toxic RO 16 azo dye through different treatments: low power atmospheric pressure gas plasma (plasma needle configuration); heterogeneous photocatalysis using TiO~2~ as catalyst; and combined plasma--catalysis application. To the best of our knowledge, the joint application of plasma needle and catalyst employed for decolourisation of organic dye has not been studied yet. We have developed plasma needle setup to study the effects of flow rate, feed gas composition (Ar and Ar/O~2~ mixture), and the eventual UV influence on the oxidation process. Furthermore, we attempted to enhance the efficiency of the decolourization process by combining plasma and TiO~2~ photocatalyst and to evaluate the synergic effect of non--thermal plasma and TiO~2~ for the decomposition of RO 16 in aqueous solution.

Experimental Section {#Sec3}
====================

Chemicals and Sample Preparation {#Sec4}
--------------------------------

RO 16 (C.I. 17,757; CAS 20262--58--2; C~20~H~17~N~3~O~11~S~3~Na~2~, Sigma Aldrich) was used as a model pollutant. The TiO~2~nanopowders were prepared by a sol--gel method using tetrabutyltitanate (Ti (OBu)~4~) as a precursor, hydrochloride acid as the catalyst, ethanol as the solvent and water for the hydrolysis. The hydrolysis and polycondensation reactions of Ti(OBu)~4~ were carried out on the ice--bath. The reagent molar ratio was Ti(OBu)~4~:HCl:EtOH:H~2~O = 1:0.3:15:4 \[[@CR43]\]. After the gelation, the wet gel was dried at 80 °C, and then calcinated at 500 °C for 1.5 h.

TiO~2~ Characterization {#Sec5}
-----------------------

Phase identification of TiO~2~ sample was performed by X--ray powder diffraction (XRPD) (Ital Structures APD2000, Italy) using Cu--Kα radiation (λ = 1.5406 Å). The measurements were performed at room temperature in the 2θ range from 20 to 80º in a continuous scan mode with a step width of 0.1º and the counting time of 0.5 s/step. Software MDI Jade 5.0 was used for the calculation of the structural and microstructural parameters. The powder specific surface area of the sample was calculated following the multipoint BET procedure on the Quantachrome ChemBet-3000 setup. The nitrogen adsorption--desorption isotherm was obtained at 77 K. Morphology of the synthesized nanopowders has been studied on a Tescan MIRA3 field emission gun scanning electron microscope (FE-SEM), at 20 kV in high vacuum. The infrared (IR) transmission spectrum of TiO~2~ using the potassium bromide pellet was measured on a Thermo Nicolet 6700 Fourier transform infrared spectrophotometer at the room temperature.

Treatment Setups {#Sec6}
----------------

In Fig. [1](#Fig1){ref-type="fig"} five different treatment setups are presented: plasma treatment -- PT (Fig. [1](#Fig1){ref-type="fig"}a), PT with quartz glass (Fig. [1](#Fig1){ref-type="fig"}b**)**, heterogeneous photocatalysis--HP (Fig. [1](#Fig1){ref-type="fig"}c), plasma coupled with catalyst---PC (Fig. [1](#Fig1){ref-type="fig"}d) and PC with quartz glass (Fig. [1](#Fig1){ref-type="fig"}e).Fig. 1Different treatment setups used in the study: **a** Plasma treatment (PT), **b** Plasma treatment (PT) with quartz glass, **c** semiconductor heterogeneous photocatalysis (HP), **d** plasma coupled with catalyst (PC), **e** plasma coupled with catalyst (PC) with quartz glass

The plasma needle setup, which we have adapted for this research (Fig. [1](#Fig1){ref-type="fig"}a), consists of a body made of Teflon and a central copper electrode inserted in the glass tube 1 mm above the sample. Its electrical properties are presented by Zaplotnik et al. \[[@CR44]\]. Discharge is generated at the tip of a copper wire. Ar (5.0 purity) and a mixture of Ar and O~2~ (Ar/10%O~2~) are used as feed gases. The flow rates vary from 1 to 4 slm. The exposure times for all treatments range from 5 to 150 min.

In the first set of experiments (PT, Fig. [1](#Fig1){ref-type="fig"}a) we have analysed the decolourisation effects of plasma needle on the RO 16 solution, by changing its flow rate and feed gas composition. UV contribution of plasma needle to decolourisation process was investigated by putting a quartz glass (190 to 2500 nm) between the sample and the plasma source (Fig. [1](#Fig1){ref-type="fig"}b). In such a way only UV contribution from plasma source to the decolourisation process can be estimated, as in this configuration reactive radicals generated in plasma are prevented to reach the sample surface and oxidize the dye.

The photocatalytic experiment (Fig. [1](#Fig1){ref-type="fig"}c) was performed as follows: TiO~2~ (2 g/l as the optimal concentration for RO 16 photodegradation) \[[@CR13]\] was added to the RO 16 solution and magnetically stirred for 30 min in the dark in order to uniformly disperse nanopowder and to achieve the adsorption--desorption equilibrium. Afterwards, a mercury lamp (300 W, UVA/UVB, Osram Vitalux) as a light source placed 40 cm above the sample was switched on in order to initiate the photocatalytic reaction.

In the third set of experiments, we have used plasma needle in the presence of TiO~2~ (Fig. [1](#Fig1){ref-type="fig"}d) in order to examine whether there is a synergic oxidation outcome. The effects of plasma generated UV radiation on the TiO~2~ activation was investigated by using quartz glass in order to restrict reactive radicals to participate in the dye oxidation process (Fig. [1](#Fig1){ref-type="fig"}e).

Decolourisation Measurements {#Sec7}
----------------------------

The above--mentioned experiments were conducted in magnetically stirred thermostated glass vessel. The concentration of dye solution (c = 50 mg/l) and working volume (V = 25 ml) were kept fixed during all treatments. At certain time intervals, aliquots were withdrawn, centrifuged (in the case of TiO~2~) and analysed on UV/VIS spectrophotometer (Varian Superscan 3, USA). RO 16 concentration was followed by measuring the variation of the intensity of main absorption band at 494 nm. This absorption band originates from n → π\* transition in the chromophore group (--N = N--) and its disappearance indicates that the main chromophores of the dye were destroyed. The measurements were repeated three times to check their reproducibility and the mean value was taken into consideration.

Detection of Reactive Hydroxyl Radicals {#Sec8}
---------------------------------------

In order to detect the formation of free hydroxyl radicals, photoluminescence (PL) measurements were performed using terephthalic acid (TA), which in reaction with hydroxyl radicals induced on the photocatalysts surface produces highly fluorescent 2-hydroxyterephthalic acid. The experiment was carried out at room temperature, where 20 mL of working solution was prepared using distilled water in such a manner that the concentrations of the terephthalic acid (TA) and NaOH were 5 × 10^--4^ M and 2 × 10^--3^ M, respectively. The nanopowder TiO~2~ (50 mg) was dispersed and solution was constantly stirred on a magnetic stirrer. A 300 W UV lamp, (Osram Vitalux) was used as a light source, placed 40 cm above the solution. At given time intervals (5, 10, 15, 20 and 30 min), aliquots were withdrawn, centrifuged and filtered to remove the catalyst particles. The room- temperature PL spectra at 425 nm of the supernatant were analyzed on the Fluorescence Spectrometer (Spex Fluorolog) using 320 nm as excitation light, in order to estimate the concentration of 2- hydroxyterephthalic acid.

Results and Discussion {#Sec9}
======================

The RO 16 decolourisation mechanism by plasma needle is dependent on the generation of plasma directly above the treated sample in the continuous gas phase simultaneously contacting molecules, clusters, aerosols, droplets, and planar surfaces of the liquid \[[@CR45]\]. The complexity of physical and chemical phenomena, which appear during the discharges in both gas and liquid phase, is considerable. For this reason, we studied different plasma needle treatment parameters (e.g. feed gas flow rate and composition) and their influence on the RO 16 oxidation process (decolourisation). Later, we have also studied combined plasma--heterogeneous photocatalysis in order to examine the potential oxidation synergic effects of plasma and catalyst and to verify whether plasma UV radiation was adequate to activate the TiO~2~ surface. The TiO~2~ based heterogeneous photocatalysis on RO 16 degradation was used as a benchmark.

Effects of Plasma Treatment on the RO 16 Decolourisation {#Sec10}
--------------------------------------------------------

Producing concurrently large amount of active species with high reduction potential (Table [1](#Tab1){ref-type="table"}) \[[@CR46]\] UV radiation and shock waves, plasma decomposes organic matter with no additional procedures and no sludge production \[[@CR47]\]. Chemically reactive radicals reach the liquid surface, diffuse into the bulk, and oxidize the hazardous component. Therefore, plasma chemistry, which occurs in these atmospheric and subsequently aqueous conditions, is highly relevant to the evolution of the reactive radicals and their influence on the target compound. Figure [2](#Fig2){ref-type="fig"} illustrates the formation mechanisms of possible reactive species, whereas the oxidation potential of plasma reactive species are given in Table [1](#Tab1){ref-type="table"}.Table 1Oxidation potential of plasma reactive speciesOH^·^ + H^+^  + e^--^ → H~2~O$\documentclass[12pt]{minimal}
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Key reactions from Fig. [2](#Fig2){ref-type="fig"} which take place during the air discharge are described in the following sections.

Depending on the electron energies formed by electrical discharges, high--energy electrons collide with ambient molecules resulting in the several possible reactions such as excitation, dissociation, electron capture or ionization, (Eqs. [1](#Equ1){ref-type=""}--[5](#Equ5){ref-type=""}):$$\documentclass[12pt]{minimal}
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Further important reactions related to the formation of the primary long live reactive species (O~3~, H~2~O~2,~ NO~3~^--^, NO~2~^--^) and their dissolution in water are described below. O^·^ generated in air plasma together with O~2~ produce O~3~ which reacting with water molecules forms H~2~O~2~ (Eqs. [6](#Equ6){ref-type=""}--[7](#Equ7){ref-type=""}). Additional H~2~O~2~ generation mechanism is through the recombination reaction of OH^·^ radicals (Eq. [8](#Equ8){ref-type=""}).$$\documentclass[12pt]{minimal}
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Nitrogen oxides (NO, NO~2~) formed in air plasma through reactions between O~2~ and N~2~ dissolve in the solution creating nitrites and nitrates (Eqs. [9](#Equ9){ref-type=""}--[10](#Equ10){ref-type=""}) and consequently forming the peroxynitrous acid through the reaction of nitrites with hydrogen peroxide (Eq. [11](#Equ11){ref-type=""}) \[[@CR32]\].$$\documentclass[12pt]{minimal}
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Occurrence of even more reactive species (OH^·^, O^·^, NO~2~^·^etc.) (Eqs. [12](#Equ12){ref-type=""}--[18](#Equ18){ref-type=""}) can be expected as well, but because of their short lifetime they can react directly with a pollutant only in its current encirclement where the reaction occurs \[[@CR5], [@CR48], [@CR49]\]. Among them, the most influential reactive species found in electric discharges is OH^·^. It is a very powerful oxidizing agent with a standard reduction potential of E^0^ = 2.8 V \[[@CR50]\] and lifetime (≈ 200 µs in the gas phase and 10^--9^ s in an aqueous solution).Although it has very short lifetime there are additional OH^·^ formation mechanisms in the bulk as a consequence of the transformation of above--mentioned long lifetime species. Several mechanisms are responsible for the OH^·^ formation: electron impacts dissociation of H~2~O (Eq. [4](#Equ4){ref-type=""}); ozone dissolution in water \[[@CR51]\] (Eqs. [12](#Equ12){ref-type=""}--[14](#Equ14){ref-type=""}); reactions of excited O atoms and O^·^ with water (Eqs. [15](#Equ15){ref-type=""}, 16); reaction of e^***--***^and H~2~O~2~ (Eq. [17](#Equ17){ref-type=""}) or via reaction of peroxynitrous acid in water (Eq. [18](#Equ18){ref-type=""}).$$\documentclass[12pt]{minimal}
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The degradation of dyes is mainly attributed to the attack of these oxidative species, which are among the most influential reactive species found in electric discharges \[[@CR52]\] that initially attack the most sensitive chromophore group (--N = N--). The decolorization process of RO16 usually manifests as decrease of the 494 nm band intensity, relatively faster than for other bands. Therefore, it can be concluded that  reactive species like OH^·^ initially attack the chromophore group (--N = N--) followed by the degradation of aromatic part, benzene and naphthalene rings, of the dye molecule \[[@CR38]\].

The OH^·^ addition to the --N = N-- bond probably produces the hydrazyl type radical forms, --·N--N(OH)-- as reported in the literature \[[@CR5]\], leading to the destruction of the colour in the visible range and finally mineralization into totally innocuous gaseous nitrogen \[[@CR38]\]. The oxidation of nitrogen containing organic molecules leading to the NO~x~ generation is also reported \[[@CR53]\], but in small quantities not harmful for the environment.

Influence of Different Flow Rates and Composition of Feed Gas on the Decolourisation Rate {#Sec11}
-----------------------------------------------------------------------------------------

The absorption spectral changes of RO 16 solution at different irradiation time during PT with Ar as feed gas (1 slm), are presented in Fig. [3](#Fig3){ref-type="fig"}. The intensity of absorption peaks in the visible region (494 and 386 nm), as well as the intensity of peaks in the ultraviolet region (297 and 254 nm), rapidly decreased in the initial stage of the PT and after 90 min none of the absorption peaks were observed.Fig. 3Absorbance spectra of RO 16 for different PT times by using Ar(1slm) as feed gas

The kinetics of RO 16 decolourisation under PT process at different flow rates of Ar is given in Fig. [4](#Fig4){ref-type="fig"}. C~0~ and C~t~ represent the initial dye concentration and the dye concentration at reaction time *t*. The RO 16 concentration of each treated sample was determined using a calibration curve which is previously established with prepared standards and theirs related absorbances. It can be observed that RO 16 decolourisation was faster for the increased flow rate of Ar (4 slm) and almost total decolourisation was achieved after 90 min. It is obvious that generation of radicals in plasma depends on gas flow rate. The higher is the flow rate, the faster is the decolourisation. However, the efficiency of radicals generation and plasma chemistry can be also tailored by changing the feed gas composition. For that purpose, in Fig. [4](#Fig4){ref-type="fig"} is presented the kinetics of RO 16 decolourisation when 10% O~2~ was introduced into Ar flow rate of 1 slm.Fig. 4Decolourisation of RO 16 (c = 50 mg/L, V = 25 mL) under PT treatment using Ar (1 and 4 slm); Ar/O~2~ (1 slm) and Ar (4 slm + Quartz) as feed gas. Symbols: filled diamond- Ar 1 slm; filled rectangle- Ar 4 slm; filled triangle- Ar/O~2~ 1 slm; filled circle -- 4 slm with Quartz

The O~2~ introduction into the feed gas has the similar decolourisation effect on RO 16 as increasing of Ar flow rate from 1 to 4 slm. It is evident that adding only 10% O~2~ to the feed gas (Ar, 1slm) the decolourisation of RO 16 is faster, reaching almost complete decolourisation after 90 min.

The introduction of O~2~ into the feed gas evidently influenced the oxidation process kinetics. The better efficiency of the RO 16 oxidation with the addition of O~2~ can be a consequence of at least two reasons. The most apparent reason is that higher amount of active species, like OH^·^, can be formed when O~2~ is introduced in Ar because of the lower energy of the first ionization of O~2~ (12.1 eV) compared to Ar (15.8 eV). In their work, Gumuchian et al. \[[@CR24]\] measured amount of OH^·^ in different compositions of feed gases and concluded that in Ar/O~2~ feed gas mixture, the concentration of OH^·^ was the highest \[[@CR24]\]. Beside this, atomic oxygen can react directly with organic pollutants, and together with O~2~ can produce very reactive ozone (Eq. [6](#Equ6){ref-type=""}). Nevertheless, in the paper of Miyazaki et al. \[[@CR54]\] it was shown that very small amount of ozone was produced if the Ar concentration in Ar/O~2~ feed gas mixture is equal or higher than 80%. Since in our experiments 90% of Ar, was used, we suppose that ozone contribution in these experiments is not of great importance. Evidently, the presence of O~2~ in the feed gas significantly improves the oxidation potentials of plasma needle, presumably due to the formation of more reactive species (Eqs. [2](#Equ2){ref-type=""}, 15--16).

In order to investigate an isolated effect of plasma generated UV light on dye oxidation, the quartz glass was placed between plasma source and RO 16 solution to block plasma--generated species from reaching the surface, allowing only UV light to pass to the sample. Namely, for 1 slm of Ar flow rate there was no observed UV contribution, while for 4 slm Ar flow rate UV dependent decolourisation was less than 15% after 60 min of treatment. For that reason, it can be concluded that isolated UV light cannot be considered as significant contributing factor to decolourising process of the dye.

Effects of the Heterogeneous Photocatalysis on the RO 16 Removal {#Sec12}
----------------------------------------------------------------

Among the semiconductors, titanium dioxide (TiO~2~) is by far the most frequently studied photocatalyst, highly abundant in nature, photochemically very stable under ambient conditions and environmentally friendly. Among the three TiO~2~ crystal phases: anatase, rutile and brookite, the anatase is the most frequently applied photocatalyst showing excellent photocatalytic activity, although its application is restricted to the utilization of UV light due to the large band gap (E~g~ \~ 3.2 eV).

The photochemical decolorization of RO 16 was studied by heterogeneous photocatalysis, using anatase TiO~2~ nanopowders as catalyst and UV lamp as an excitation source. TiO~2~ nanopowders were synthesized by sol--gel method and the XRPD pattern of TiO~2~ is presented in Fig. [5](#Fig5){ref-type="fig"}a.Fig. 5XRPD pattern of TiO~2~ nanopowder obtained by the sol--gel method (**a**); The nitrogen adsorption--desorption isotherm of synthesized TiO~2~ nanopowder at 77 K (**b**); FE-SEM images of TiO~2~ sample (**c**), (**d**)

The main diffraction peaks correspond to the anatase crystallite phase (PDF card 782,486) and no other phases were detected. Characteristic Miller indices are denoted for the main diffraction peaks. The average crystallite size, \< D \> and average lattice strain of the prepared sample were calculated using Williamson--Hall Method and are presented in Table [2](#Tab2){ref-type="table"} together with cell parameters \[[@CR55]\].Table 2The unit cell parameters, average crystallite size \< D \> and micro strain values of TiO~2~Sample nameUnit cell parameters *a, c* (Å)Williamson--Hall method \< *D* \> (nm)Microstrain (%)TiO~2~*a* = 3.784(3)*c* = 9.53(0)240.301

To determine the surface area of synthesized nanopowder the nitrogen adsorption--desorption isotherm at 77 K has been measured and shown in Fig. [5](#Fig5){ref-type="fig"}b. Prior to adsorption, the sample was outgassed for 1 h under vacuum at room temperature, and additionally for 16 h at 110 °C at the same residual pressure. The specific surface areas (*S*~BET~) of sample is calculated from the linear part of the adsorption isotherm by applying the Brunauer-Emmet-Teller (BET) equation \[[@CR56]\]. The curves may be interpreted as type IV \[[@CR57]\], typical for mesoporous materials, with an H2-type hysteresis loop, indicating the presence of pore networks. The reported value of the BET specific surface area (*S*~BET~) is 52 m^2^ g^−1^.

TiO~2~ nanoparticles produced by sol--gel method are not porous itself, so the porous structure originates from interparticle voids. From the FE-SEM images given in the Fig. [5](#Fig5){ref-type="fig"}c, d, it is clear that we are dealing with spherical and agglomerated nonporous nanoparticles, where the particle size ranges from 30 to 100 nm.

When the RO 16--TiO~2~ solution is illuminated with UV irradiation, main processes, which take place on the nanoparticles surface are illustrated in Fig. [6](#Fig6){ref-type="fig"}.Fig. 6Formation of *e*^*‒*^*/h*^+^ pars in TiO~2~ nanoparticles and catalytic processes on TiO~2~ surface

When TiO~2~ solution is illuminated with light having energy greater than the band gap of the semiconductor, photogenerated electron (*e*~*cb*~^*--*^) --hole (*h*~*vb*~^+^) pairs are formed (Eq. [19](#Equ19){ref-type=""}). These pairs can be recombined within the bulk of the material or at the particle surface. Furthermore, the (e~cb~^*--*^) and (h~vb~^+^) can migrate to the semiconductor surface \[[@CR38], [@CR58]\] and react with adsorbed reactants leading to increased photocatalytic efficiency. The photodegradation mechanism can be summarized as follows:$$\documentclass[12pt]{minimal}
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The direct oxidation of organic substances is possible since the holes (*h*~*vb*~^+^) have high oxidative potential (Eq. [21](#Equ21){ref-type=""}), or they can also react with H~2~O (Eq. [22](#Equ22){ref-type=""}) and OH^--^ (Eq. [23](#Equ23){ref-type=""}) producing very active and unselective OH^·^ radicals \[[@CR14], [@CR38], [@CR58]\]. On the other hand, photogenerated electrons can react with O~2~ molecules dissolved in water forming superoxide radical anion (O~2~^·‒^) (Eq. [24](#Equ24){ref-type=""}) leading to the production of other very reactive species as follows:$$\documentclass[12pt]{minimal}
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Figure [7](#Fig7){ref-type="fig"} shows the decolourisation rate of RO 16 for TiO~2~ nanopowder activated by UV lamp. As can be seen from Fig. [7](#Fig7){ref-type="fig"}, photodegradation of the dye reached about 90% after 90 min of treatment, similar to the decolourisation effects of plasma needle for Ar 1 slm (Fig. [4](#Fig4){ref-type="fig"}). No detectable degradation of RO 16 was registered without the presence of TiO~2~ sample (triangles on Fig. [7](#Fig7){ref-type="fig"}).Fig. 7Decolourisation efficiency of RO 16 (c = 50 mg/l, V = 25 ml) by using TiO~2~ (c = 2 g/l) under UV irradiation. Symbols: filled circle- RO 16 + UV + TiO~2~; filled triangle RO 16 + UV

The presence of H~2~O and O~2~ molecules is crucial for generation of very reactive radicals. In the presence of H~2~O and O~2~ molecules, highly reactive radicals such as OH^·^, O~2~^·‒^ and HO~2~^·^, generated through processes of photodegradation, substantially contribute to the degradation of organic molecules/pollutants. However, the most important contribution and benefits among these processes arise from reactions accompanying generation of hydroxyl radicals. These radicals are considered as very strong and nonselective oxidizing species \[[@CR59], [@CR60]\]. The presence of functional groups at the surface of TiO~2~ affects the formation of hydroxyl radicals. Infrared spectroscopy is used to analyse the surface of TiO~2~. The IR spectrum of TiO~2~ nanopowder is presented in Fig. [8](#Fig8){ref-type="fig"}a in the range from 500 to 4000 cm^−1^. The main bands of O‒H groups and H~2~O are denoted with arrows. Namely, a wide band around \~ 3400 cm^−1^, corresponds to stretching vibration of the O‒H bond involved in hydrogen bonding O‒H⋯O, whereas the band around \~ 1600 cm^−1^ can be ascribed to the bending mode of the water molecules H‒O‒H.Fig. 8IR spectrum of TiO~2~ nanopowder (**a**), PL spectral changes of a TA--OH solution generated by TiO~2~ under UV light irradiation (**b**)

The IR spectrum confirmed existence of O‒H groups and water molecules (H~2~O), on the surface of TiO~2~ nanopowder (Fig. [8](#Fig8){ref-type="fig"}a), implying that generation of OH^·^ radicals in high concentration is likely to occur.

Since the hydroxyl radicals are considered the primary oxidizing species their presence on the surface of the UV illuminated photocatalyst can be confirmed in reaction with terephthalic acid (TA) as a probe molecule. This acid reacts with OH^·^ radicals, generated at the water/TiO~2~ interface, forming a highly fluorescent product: 2-hydroxyterephthalic acid (TA-OH), with intensive peak at about 425 nm \[[@CR61]\]. Since PL peak intensity is proportional to the amount of generated OH^·^ radicals, by monitoring the changes in the intensity of 425 nm peak the hydroxyl radicals could be detected indirectly. From the Fig. [8](#Fig8){ref-type="fig"}b, it can be observed that the intensity of 425 nm peak increases in time, meaning that the concentration of hydroxyl radicals also increases \[[@CR61], [@CR62]\]. The spectrum labelled as \"0 min\" represents the pure TA solution recorded prior the UV irradiation source. These results clearly demonstrated that with increasing illumination time the increasing amount of OH^·^ radicals are formed at TiO~2~/water interface, responsible for dye degradation.

Effects of the Plasma--Tio~2~ Catalyst Treatment on the RO 16 Removal {#Sec13}
---------------------------------------------------------------------

Figure [9](#Fig9){ref-type="fig"} illustrates the degradation kinetics of RO 16 during the combined TiO~2~ and non--thermal plasma treatment---PC treatment. As can be seen from Fig. [9](#Fig9){ref-type="fig"}, PC treatment is more efficient than PT (Fig. [4](#Fig4){ref-type="fig"}) for the same Ar flow rate of 1 slm. Namely, after 15 min more than 40% of dye was degraded under the PC treatment, whereas under PT the photodegradation of dye reached only15%. It is also evident that the time for complete decolourisation reduced from 150 to 120 min. Similar effect was observed with increased feed gas flow rate (4 slm) when the time for complete RO 16 decolourisation was shortened from 90 min (PT) to 60 min (PC). Improved decolourization of RO 16 can be ascribed to the synergic effect of plasma--photocatalysis process.Fig. 9Decolourisation of RO 16 (c = 50 mg/L, V = 25 mL) under PC treatment by using TiO~2~ (c = 2 g/L) and Ar (1, 4 slm) as feed gas. Symbols: filled diamond- Ar 4 slm + Quartz + TiO~2~; filled rectangle- Ar 1 slm + TiO~2~; filled triangle- Ar 1 slm + Quartz + TiO~2~; filled circle --Ar 4 slm + TiO~2~

In order to investigate an isolated effect of plasma generated UV light on dye degradation during the PC treatment, we placed a quartz glass between plasma source and TiO~2~--dye solution, allowing only UV light to pass to the solution. From Fig. [9](#Fig9){ref-type="fig"} it is evident that the dye degradation process was much slower compared to the PC experiment without quartz glass. Hence, it is clear that UV emission from the plasma needle activates TiO~2~ leading to enhanced synergic effects for pollutant removal.

The oxygen addition (10%) to the feed gas (1 slm of Ar) further improved the PC decolourisation process, i.e. the synergic effect between plasma and photocatalyst was more pronounced, as the total decolourisation was achieved after 60 min (Fig. [10](#Fig10){ref-type="fig"}).Fig. 10Decolourisation of RO 16 (c = 50 mg/L, V = 25 mL) under the PC treatment using TiO~2~ (c = 2 g/L) and Ar (1slm) and Ar/O~2~ (1slm) as feed gas. Symbols: filled diamond- Ar/O~2~ 1 slm + TiO~2~; filled rectangle- Ar 1 slm + TiO~2~

The experimental kinetic data for all presented treatments followed pseudo first--order kinetics and were fitted by pseudofirst--order reaction, *ln(C/C*~*o*~*)* = *kt* where *k* is pseudo--first order constant rate, *t* the treatment time. The constant rates and correlation coefficient (R^2^) for different treatment setups (PT, heterogenous photocatalysis and PC) are presented in Table [3](#Tab3){ref-type="table"}.Table 3Constant rates for different treatment setupsTreatment setupsConstant rates, k × 10^--3^(min^--1^)R^2^PT1 slm (Ar)24.50.988PT4 slm (Ar)51.80.993PT1 slm (Ar/O~2~)47.40.970HPTiO~2~ + UV 300 W22.80.975PC1 slm (Ar) + TiO~2~30.10.986PC1 slm (Ar/O~2~) + TiO~2~66.20.953PC4 slm (Ar) + TiO~2~73.10.971PC with quartz1 slm (Ar) + TiO~2~ + Quartz8.90.986PC with quartz4 slm (Ar) + TiO~2~ + Quartz15.50.943

In the case of PT treatment, with increasing Ar flow rate from 1 to 4 slm, the constant rate *k* increases from 24.5 to 51.8 × 10^--3^ min^--1^. The *k* values for Ar 4 slm (*k* = 51.8 × 10^--3^ min^--1^) and mixture of Ar/O~2~ 1 slm (*k* = 47.4 × 10^--3^ min^--1^) are comparable implying similar final oxidation effect. PT treatment with Ar 1 slm (k = 24.5 × 10^−3^ min^−1^) manifest almost the same oxidation degree as heterogeneous photocatalysis (k = 22.8 × 10^--3^ min^−1^). This is very important knowing that plasma needle needs smaller power consumption for TiO~2~ activation than UV lamp.

In the case of PT treatment with quartz glass, the UV radiation emitted from the 1 slm plasma needle was not enough to decolourise RO 16 dye by itself. For increased Ar flow rate (4 slm) low value of constant rate (*k* = 3.1 × 10^--3^ min^--1^) confirmed that UV light cannot be considered as significant factor during the process of decolourisation.

As expected, the best removal efficiency was obtained with combined plasma/TiO~2~ process (PC). Namely, among all experiments with different setups (HP, PT and PC), the PC rate constants are the highest (see Table [3](#Tab3){ref-type="table"}).

This is particularly evidenced for increased Ar flow rate (4 slm) when the rate constant is almost 50% higher for PC than for PT treatment (*k* = 73.1 × 10^--3^ min^--1^ vs. *k* = 51.8 × 10^--3^ min^--1^). Therefore, it can be concluded that the synergic effect of two AOPs is evident and very dependent on the flow rate of feed gas and gas mixture. PC experiment with quartz glass demonstrated that UV radiation from the plasma needle source evidently has influence on the TiO~2~ photolytic activity and contribute to the RO 16 decolourisation process. Further investigations will be directed to the estimation of the optimal TiO~2~ concentration, identification of RO 16 oxidation by--products and determination of their levels of toxicity.

Conclusions {#Sec14}
===========

In this paper, we investigated the RO 16 decolourisation process by using two advanced oxidation processes (plasma discharge process and heterogenous photocatalysis), as well as combined plasma/TiO~2~ process. For that purpose, we have developed a low power atmospheric pressure plasma source (plasma needle). The anatase TiO~2~ nanopowders, used in experiments, were synthetized by sol--gel method. In the case of only plasma treatment, it was demonstrated that both flow rate and feed gas composition had significant effect on dye removal. The presence of O~2~ in the feed gas, as well as, increased feed gas flow rate significantly improved the process of RO16 decolourisation as compared with the TiO~2~ based heterogenous photocatalysis.

The RO 16 degradation efficiency significantly improved when plasma was combined with TiO~2~ photocatalyst. Such an improvement can be attributed to synergic effects of radicals generated by the plasma in the gas phase and delivered to the liquid and radicals generated directly in the liquid on the surface of TiO~2.~ The synergic effect of two AOPs was more pronounced at higher flow rate of the plasma feeding gas. Accordingly, we can conclude that simultaneous application of different AOPs can offer better solution for wastewater treatment and improves energy utilization efficiency when using plasma needle as UV source.
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